The transition of many Caribbean reefs from coral to macroalgal dominance has been a prominent issue in coral reef ecology for more than 20 years. Alternative stable state theory predicts that these changes are reversible but, to date, there is little indication of this having occurred. Here we present evidence of the initiation of such a reversal in Jamaica, where shallow reefs at five sites along 8 km of coastline now are characterized by a sea urchin-grazed zone with a mean width of 60 m. In comparison to the seaward algal zone, macroalgae are rare in the urchin zone, where the density of Diadema antillarum is 10 times higher and the density of juvenile corals is up to 11 times higher. These densities are close to those recorded in the late 1970s and early 1980s and are in striking contrast to the decade-long recruitment failure for both Diadema and scleractinians. If these trends continue and expand spatially, reefs throughout the Caribbean may again become dominated by corals and algal turf.
M
any coral reefs throughout the Western Atlantic region have undergone dramatic changes in community structure over the past two decades. The best known examples of these changes are found in the Caribbean (1) , where reefs that were formerly dominated by scleractinian corals and diminutive algal turfs have become overgrown by macroalgae. This transition is referred to often as a phase shift to an alternate state (1) (2) (3) (4) , where the alternative state (i.e., one dominated by macroalgae) is considered stable unless, or until, a reversal of one or more of the causative agents favors another change. However, there are few examples of multiple phase shifts on coral reefs (5) and none, to our knowledge, of a reversal from macroalgal to scleractinian dominance. Here we present evidence from the north coast of Jamaica suggesting that such a change has been initiated. On these reefs, there is localized recovery of populations of the sea urchin Diadema antillarum, a decrease in the abundance of macroalgae, and an increase in the abundance of juvenile corals. Although there are few comparable data spanning the last 30 years in Jamaica, there is evidence that the present densities of Diadema and juvenile corals have not been reported for more than a decade. If these patterns persist, the widespread recovery of Diadema populations alone may result in reefs dominated once again by scleractinian corals and algal turfs.
Phase shifts on Caribbean coral reefs can be caused by a variety of anthropogenic and natural factors (1, (6) (7) (8) , and are integral features of communities that demonstrate multiple stable states (2, 3) . However, their detection is a function of the spatiotemporal scale of investigation (2, 9) , and evidence of phase shifts has come only from reefs such as those in Jamaica (1) and Hawaii (10) , where decades of data are available. Even such long-term studies can provide only equivocal evidence of the underlying mechanisms of change; thus, there is still debate concerning the role of bottom-up [i.e., nutrification (7)] vs. top-down [i.e., herbivore (11, 12) ] control in mediating macroalgal phase shifts. Regardless of the mechanism, the numerous reports of macroalgal phase shifts together with the absence of any documented reversals have contributed to the popular opinion that reefs in the Caribbean now are in a highly degraded state (13) .
The coral reefs along the north coast of Jamaica, particularly at Discovery Bay, provide the most familiar example of the collapse of Caribbean reefs. Discovery Bay has been studied extensively since the 1950s (1, 5, 14) , arguably more than any other reef in the Caribbean, and has remained at the forefront of the reports of a macroalgal phase shift along the north coast of Jamaica. Virtually identical trends have been reported at multiple sites in Jamaica (1) , but the majority of these sites have been monitored less frequently than those at Discovery Bay. In the 1950s, the reefs at Discovery Bay were characterized by small amounts of macroalgae, and scleractinian corals covered as much as 90% of the substratum (14) . By the 1990s, after two major hurricanes, decades of overfishing, the near-complete loss of the keystone echinoid Diadema (8), increasing human population pressure, and possible nutrification, Jamaican reefs were dominated by macroalgae to a depth of 35 m, and coral cover was reduced to less than 5% (1). However, in 1992 there were small patches of Diadema on the forereef of Discovery Bay (15) , and by 1995-96, Diadema had become locally abundant (e.g., 1.8 per m 2 , ref. 16 ) in shallow water (Ͻ6-m depth) and formed larger patches of macroalgal-free substratum (P.J.E., unpublished observations). Typically, these patches were scalloped-shaped, tens of meters in width, and contained locally dense populations of the herbivorous echinoids Diadema and Tripneustes ventricosus (12, 16) . Tripneustes normally is rare or absent in forereef habitats (16) , and its co-occurrence with Diadema in 1995-96 suggested that it might play a pivotal role in initiating the removal of macroalgae (12, 16) . By January 2000, the expansion and coalescence of macroalgal-free areas formed contiguous zones hundreds of meters in length, suggestive of a reversal in community structure. This study was designed to quantify the sea urchin zones on a larger scale and test the prediction that recovery of Diadema populations both enhances coral recruitment and facilitates a return to coral dominance.
Methods
Study Sites. Five sites were selected haphazardly along an 8-km section of the north coast of Jamaica (Fig. 1) . At each site, the sea urchin and algal zones sampled were parallel to the shore and to one another and were between 4.5 and 8.5 m in depth. However, within a site, the sampled portions of the sea urchin and algal zones differed by 2 m or less in depth. At most sites, Diadema were found in depths as shallow as 1 m, and algal zones extended to Ͼ20 m in depth. Widths of the zone of highest abundance of Diadema were measured perpendicularly from shore (EDB, DB) or from the reefcrest (M1, LTS, RB) to the point where benthic community structure changed abruptly from algal turf dominance (i.e., Diadema-grazed, ref. 17) to macroalgae (measurements at two randomly selected locations at each site). All surveys were completed during January 2000.
Echinoid Abundances and Sizes. Abundances of sea urchins were estimated in 1-m 2 quadrats (n ϭ 20 per zone) that were randomly located along a 40-m transect line. The transect was positioned haphazardly and parallel to the shore, and the same line was used for the census of juvenile corals and for the analysis of community structure (see below). Sea urchin size was defined as the maximum test diameter, and was measured to the nearest millimeter by using long-jawed calipers. The test diameters of the first 100 Diadema encountered in randomly located, 1-m 2 quadrats at each site were measured. Juvenile Coral Abundances and Sizes. Juvenile corals were defined as colonies between Ϸ2 mm (1 polyp) and Յ4 cm in diameter (20), and were counted by using randomly located 1-m 2 quadrats (n ϭ 10 per zone). Juvenile corals (i.e., not spat) were located by carefully examining the substratum beneath the macroalgal canopy when necessary and by removing sediment; they were identified to species or to genus when they lacked features allowing congeners to be distinguished. Siderastrea radians and Favia fragum were omitted from all analyses because small colonies (Յ4 cm diameter) of these species are sexually mature (21) ; inclusion of these species did not alter the patterns described (data not shown). The sizes of juvenile corals were measured in each zone by using calipers (Ϯ0.1 mm), and size was taken as the average of the two major diameters of the basal portion of each colony. The most common genera at each site͞zone were measured (Leptoseris, Porites, Siderastrea, Stephanocoenia, and Agaricia), by using colonies (n ϭ 50, except for Agaricia at DB, where n ϭ 100) that were selected haphazardly while swimming along the transect line used for counting juvenile corals and community structure.
Statistical Analyses. Echinoid abundance, community structure (i.e., percentage cover), density of juvenile corals, and the number of genera of juvenile corals per quadrat were compared among sites and between zones with a two-way, Model III ANOVA (zone ϭ fixed factor, site ϭ random factor). Percentage data were arcsine transformed, the density of juvenile corals was square root-transformed, and all data were tested for the assumptions of ANOVA with graphical analyses of the residuals. Statistical analyses were completed by using SYSTAT 5.2.
Results
Abundances of Diadema at each site were highest in a band extending seaward from the shore (or reef crest) to form a contiguous zone 60 Ϯ 13 m in width (mean Ϯ SE, pooled across sites). Mean population densities of Diadema were more than an order of magnitude higher within the urchin zone (Ϸ5 per m 2 with abundances reaching 12 per m 2 in some locations) than in the adjacent seaward algal zone at similar depths (Fig. 2) , and differed among zones (F 1,4 ϭ 206.57, P Ͻ 0.001). Diadema densities did not vary significantly among sites, and the site-zone interaction was not significant. In the areas between the five study sites there were a few isolated pockets of Diadema that were surrounded by macroalgal-dominated substrata. Other species of echinoids were rare at all sites, and the highest mean abundances were 0. 15 for Eucidaris tribuloides. The size-frequency distributions of Diadema in the sea urchin zones were similar at all sites (data not shown), although mean sizes differed among sites (F 4,190 ϭ 2.75, P Ͻ 0.03), with mean sizes varying Ͻ0.5 cm between sites. The size-frequency distribution of Diadema pooled across sites is shown in Fig. 2 Inset.
Benthic community structure differed greatly between the zones where Diadema was abundant (urchin zone) and adjacent 19) , and to span the greatest scale accessible with small boats (e.g., EDB).
Fig. 2. Population densities of
areas where sea urchins were rare (algal zone). Percent cover of macroalgae was, on average, 10 times higher in areas where urchins were rare (Fig. 3) , and differed significantly among zones (F 1,4 ϭ 139.83, P Ͻ 0.001). The pattern of higher macroalgal abundance outside the urchin zone held across all sites, but was stronger at some sites than others, as demonstrated by the strong site-zone interaction (F 4,190 ϭ 6.58, P Ͻ 0.001). The benthic community within the sea urchin zone was dominated by algal turfs (70 Ϯ 3% cover, mean Ϯ SE) and crustose coralline algae (9 Ϯ 1% cover, mean Ϯ SE). Abundances of algal turfs varied across zones (F 1,4 ϭ 50.04, P Ͻ 0.005) but not between sites, and there was a significant site-zone interaction (F 4,190 ϭ 12.94, P Ͻ 0.001). Percent cover of crustose coralline algae differed between sites (F 4,190 ϭ 14.76, P Ͻ 0.001) but not between zones, and there was a significant site-zone interaction (F 4,190 ϭ 17.58, P Ͻ 0.001). The percent cover of live coral was Ͻ10% at four of five sites, and varied across sites (F 4,190 ϭ 19.76, P Ͻ 0.001) but not between zones (Fig. 3) , although a significant site-zone interaction (F 4,190 ϭ 5.92, P Ͻ 0.001) resulted from the high coral coverage and large difference between zones at Dairy Bull. High coral cover has been reported previously at the Dairy Bull site (19) .
In the sea urchin zone, juvenile corals were grazed around and over by Diadema and were conspicuous against the substratum. Juvenile coral density, pooled by taxon, was between 2-and 11-fold higher in the sea urchin zone compared with the algal zone at all sites (Fig. 4) . Overall, the density of juvenile corals was significantly higher in the sea urchin zone compared with the algal zone at all sites (F 1,4 ϭ 21.82, P Ͻ 0.010); the mean value in all five urchin zones was Ϸ24 per m 2 , with 43 per m 2 at one site. There was a significant site-zone interaction (F 4,90 ϭ 4.42, P Ͻ 0.010) as a result of the among-site differences in the magnitude of the increase of juvenile-coral density in the sea urchin zone.
The juvenile corals at the five sites belonged to 14 genera and at least 17 species, and the number of genera per quadrat was up to 2.1 times higher in the sea urchin zone compared with the algal zone, although this difference was not significant (F 1,4 ϭ 10.20, P ϭ Ͼ0.050, Fig. 4) . The most common taxa of juvenile corals encountered were Agaricia spp. (n ϭ 915), Porites spp. (n ϭ 167), Siderastrea siderea (n ϭ 323), Leptoseris cucullata (n ϭ 46), and Stephanocoenia michilini (n ϭ 40); there were small numbers of several primary reef-framework-building corals, including Acropora cervicornis (n ϭ 3), Acropora palmata (n ϭ 1), Montastraea annularis sensu lato (n ϭ 2), Montastraea cavernosa (n ϭ 2), Diploria spp. (n ϭ 11), and Colpophyllia natans (n ϭ 1). Juvenile A. cervicornis, A. palmata, and M. annularis were found only in the urchin zones. The sizes of all juvenile corals (pooled by genus) were significantly different among sites (F 4,859 ϭ 6.08, P Ͻ 0.001) but not between zones (F 1,4 ϭ 5.538, P Ͼ 0.050), and the interaction was not significant. Mean sizes (pooled by genus and zone) varied from 21.7 Ϯ 0.5 mm (ϮSE, n ϭ 180) at DB to 25.7 Ϯ 0.6 mm (ϮSE, n ϭ 180) at LTS, with a grand mean size (pooled by genus, site, and zone) of 23.1 Ϯ 0.4 mm (ϮSE, n ϭ 745). Similarly, the sizes of juvenile Porites and Agaricia (the only two genera found at all five sites) varied significantly among sites (F 4,220 ϭ 5.20, P Ͻ 0.010 and F 4,286 ϭ 3.30, P Ͻ 0.050, respectively) but not between zones, and there was no significant interaction. Thus, the size of juvenile corals was similar in urchin and algal zones, and there were significant but relatively small differences (Յ5 mm) among sites.
Discussion
The results of our surveys demonstrate that increased densities of sea urchins are associated with a reduction in cover by macroalgae and elevated densities of juvenile corals (up to 11-fold). Together with a plethora of correlational and experimental studies of Diadema grazing (8, 17) , as well as recent results based on 7 years of data at an adjacent site (12), our findings suggest that Diadema caused the decline in macroalgae and initiated a change in community structure at the spatial scale examined. Given the rarity of Tripneustes on the shallow forereefs of Jamaica, the hypothesized synergistic role of this sea urchin in initiating the removal of macroalgae (12, 16) is not supported by the present results. Instead, our findings demonstrate a putative phase reversal (from macroalgae) in the pres- ). There are several mechanisms by which Diadema could have facilitated the changes underway in Jamaica. The most conspicuous result of Diadema grazing is the removal of macroalgae and its replacement by a low biomass, high-turnover algal community (algal turf) interspersed with crustose coralline algae (17) . Experimental manipulations have demonstrated more subtle effects, including the enhancement of recruitment and survivorship of juvenile corals at intermediate densities of Diadema (4 per m 2 ). While settlement of coral spat is highest in the absence of Diadema, survivorship of juvenile corals is low due to algal overgrowth. At high sea-urchin densities, intense grazing damages juvenile corals, and coral survivorship is reduced (22). Additionally, increased cover of crustose coralline algae might enhance coral settlement (23) . Decreased survivorship of juvenile corals in the absence of grazing likely is caused by a variety of factors including overgrowth, shading and͞or abrasion by macroalgae (24) , smothering by sediment that accumulates and is stabilized by higher algal biomass (25) , or a combination of these effects. As a result, grazing by Diadema may increase the abundance of juvenile corals through enhanced coral settlement, and͞or increased survivorship of juveniles. Manipulative experiments will be required to determine the relative importance of these processes.
Further support for the pivotal role of Diadema in the recent changes in Jamaica comes from the temporal coincidence of events. Diadema densities increased at the same time that macroalgal-free patches began to appear on the north coast of Jamaica (in 1995-96; P.J.E., unpublished observations; ref. 12); age estimates for Diadema and average-sized juvenile corals are consistent with their recruitment close to, or after, 1995. For Diadema, growth rates are rapid during their first year and slow considerably as individuals approach a maximum size of Ϸ100 mm (test diameter) after 3-4 years (26) . Growth rates and test diameters also are affected by resource availability, often reflected by the inverse relationship between Diadema population density and mean individual size (27, 28) . Given the abundant algae on the study reefs in Jamaica and the low probability that Diadema growth was limited by resources, test diameter consequently may allow estimation of age. For the range of maximum test diameters measured in this study (10-89 mm) , and assuming size-specific growth rates (29) , the individuals range from approximately 1 month to 4 years old. The overall mean individual size pooled over all sites is 56 mm with an estimated age of Ϸ2 years. For scleractinians, the relationship between age and size is determined by the time-integrated exposure to partial mortality and growth rates. Older colonies likely have experienced one or more partial mortality events and have a poor relationship between size and age (30) . Juvenile colonies are less likely to have experienced partial mortality and, therefore, their size and age are related more closely. The published growth rates of juvenile corals are highly variable, ranging from Ϸ2 mm͞y (20) to Ϸ36 mm͞y (31), but many grow at Ϸ12 mm͞y (31, 32) . When 12 mm͞y is used as a working growth-rate estimate, juvenile corals 23 mm in diameter (the mean size of all juveniles in this study) are Ϸ23 months old, or about the same age as the average-sized Diadema. Whereas such calculations demonstrate that the concordance of ages of Diadema and juvenile corals is consistent with a cause-and-effect hypothesis, such correlational evidence cannot prove that Diadema has resulted in increased abundances of juvenile corals. Nevertheless, the recovery of Diadema on the study reefs in Jamaica and its association with elevated densities of juvenile corals (and reduced macroalgal cover) suggest that there is a functional relationship between these events. Further studies are required to determine whether coral cover in Jamaica will increase after decades of decline, or whether the new state is stable. In January 2001, the sea urchin zones in Jamaica still contained 4.0 Ϯ 0.9 Diadema per m 2 and were 60 Ϯ 2 m in width (both mean Ϯ SE, n ϭ 5 sites), thereby demonstrating persistence over at least 1 year.
When the present results are placed in a historical context, comparing abundances of Diadema and juvenile corals in Jamaica over the last 20ϩ years, it seems that the present abundances are increasing after more than a decade of apparent recruitment failure (Fig. 5) . Significantly, the densities we report here for both Diadema and juvenile corals are approaching those recorded before the mass mortality of Diadema in 1983-84. In addition to the common genera of juvenile corals encountered (e.g., Agaricia, Porites, and Siderastrea), all of which typically are abundant recruits on Caribbean reefs (32) , it also is ecologically significant that we found small numbers of recruits of Acropora cervicornis, A. palmata, and Montastraea annularis in the sea urchin zones, because these species are among the most important reef-framework-building corals in the Caribbean (33) . Although the recruits of these species currently are found at low densities (Ͻ0.4 per m 2 ) along the north coast of Jamaica, this is routinely the case in studies of coral recruitment in the Caribbean (32) . Moreover, the present-day densities are at least as high as those recorded 24 years ago at Discovery Bay (34) , when adult colonies of Acropora and Montastraea were the dominant species on Jamaican reefs (6, 14, 35) .
If the patterns documented here result in a reversal of the phase shift from macroalgae to corals and algal turf on shallow reefs in Jamaica, it would indicate that macroalgal dominance of Caribbean reefs is not an inevitable and terminal consequence of natural and anthropogenic disturbances. Instead, our results reemphasize the disproportionate effects of a single species (Diadema) in mediating transitions between alternate states on present-day reefs, particularly those with reduced abundances of herbivorous fishes (8) . The coral reefs of Jamaica have been at the forefront of reports of ecosystem collapse, and predictions of the future for most reefs remain gloomy (40, 41) . Although our results should not be construed to mean that reef recovery is inevitable throughout the western Atlantic, this study does provide good news about the recovery of highly degraded Caribbean coral reefs.
